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Introduction {#sec001}
============

Ecosystem services (ES) can be described as the condition and processes through which natural ecosystems, and the species that comprise them, sustain and fulfill human well-being \[[@pone.0231259.ref001]--[@pone.0231259.ref003]\]. Ecosystem services can be considered as the goods and services that benefit human life both directly and indirectly \[[@pone.0231259.ref004],[@pone.0231259.ref005]\]. These services include supporting services, regulating services, provisioning services, and cultural services. These services incorporate benefits to the society \[[@pone.0231259.ref005]--[@pone.0231259.ref007]\]. In connection to rapid economic development, intense human activities and urbanization in the fastest burgeoning developing countries has placed pressure in the deterioration of key ES \[[@pone.0231259.ref008]--[@pone.0231259.ref010]\]. Thus, the endowment of ES, its structure, and functions greatly influenced by changes in patterns, practices, and intensity of land use land cover (LULC) \[[@pone.0231259.ref010]--[@pone.0231259.ref014]\]. Such changes in land cover have put both ecosystems and humans at risk and are expected to continue to increase in the future \[[@pone.0231259.ref005],[@pone.0231259.ref015],[@pone.0231259.ref016]\]. Therefore, increasing imbalance provision of ecosystems under the rapidly growing urbanization and development have become a focus of concern \[[@pone.0231259.ref007]\]. Such situations are more pronounced in developing countries such as China.

Since China initiated the opening of economic reform and policy in 1978, socioeconomic development and adaptation of several land use policies have driven significant changes in LULC with increasing speed, breath, and depth \[[@pone.0231259.ref017]\]. These changes have resulted in the urban expansion, loss of farmland \[[@pone.0231259.ref016],[@pone.0231259.ref018]\], ecological damage \[[@pone.0231259.ref007]\], and horticultural development without proper planning and management of prevailing land resources \[[@pone.0231259.ref015]\]. China's total urban population has increased from 11.80% in 1950 to 58.52% in 2017, which is predicted to reach 76.10% by the end of 2050 \[[@pone.0231259.ref019]\]. The increasing human populace and socioeconomic development have confronted genuine difficulties in ecological land, various ecosystem services value, and food security both in space and time \[[@pone.0231259.ref005],[@pone.0231259.ref016]\]. Thus, knowledge of economic valuation, analysis, and quantification of the effect of ongoing development on ES are necessary for policy decision makers in both the exploration of the means to achieve socioeconomic and ecological sustainable development \[[@pone.0231259.ref020]--[@pone.0231259.ref022]\]. Therefore, in recent year, ecosystem services have started gaining importance in order to reveal the coevolution process of both nature and human \[[@pone.0231259.ref005]\].

Several studies have been performed to monitor the impact of LULC changes on the structure and functions of ESV in numerous regions of China \[[@pone.0231259.ref004],[@pone.0231259.ref010],[@pone.0231259.ref018],[@pone.0231259.ref023]--[@pone.0231259.ref033]\] and around the world \[[@pone.0231259.ref015],[@pone.0231259.ref025],[@pone.0231259.ref028],[@pone.0231259.ref029],[@pone.0231259.ref034]--[@pone.0231259.ref045]\]. Due to LULC changes and urbanization, most of these studies showed moderate to significant decrease in ESV \[[@pone.0231259.ref015],[@pone.0231259.ref016],[@pone.0231259.ref028],[@pone.0231259.ref029],[@pone.0231259.ref041],[@pone.0231259.ref043]\] while others found almost no change \[[@pone.0231259.ref046]\]. Some studies have also revealed an increase in ESV \[[@pone.0231259.ref047]--[@pone.0231259.ref050]\]. Such variations in the services value are of the following reasons. Firstly, in terms of fast urbanization and industrialization, several changes in LULC occur concurrently, as a result of not only limited to urban sprawl but also include various contending demands. These include reforestation and protection, natural indemnity, infrastructure development, comfort, and tourism and recreation \[[@pone.0231259.ref051],[@pone.0231259.ref052]\]. Secondly, there is a very close relationship between ESV types and LULC utilization \[[@pone.0231259.ref020],[@pone.0231259.ref053]\]. Given their profound implication and distinct nature and characteristics, the capability to summarize and apply the results of these case studies to other regions is limited. Thus, indicating the importance of studying the impact of LULC changes on ESV, which is essential to inform policy and decision-makers for sustainable planning and management and safe ecological system.

Several methods exist to enable the quantification of the global terrestrial ecosystem services value but the method most commonly used is the "benefit transfer" developed by Costanza's et al. (1997) \[[@pone.0231259.ref002]\]. They classified the world ecosystems into 16 types and 17 subtypes as their services functions. Their results, however, have been seriously condemned when applied to China. For example, bias in some cases such as underestimated farmland ESV and overestimated wetland ESV \[[@pone.0231259.ref035]\]. Their derived ESV mirrored the economic level of developed countries (e.g., United States and European countries) instead of developing countries such as China \[[@pone.0231259.ref018],[@pone.0231259.ref025],[@pone.0231259.ref054]\]. For Chinese terrestrial ecosystem services Xie et al. (2003) developed the equivalent per-unit-area following the same methodology proposed by Costanza et al. (1997) \[[@pone.0231259.ref002]\]. They extracted the equivalent weight factor via a survey of 200 Chinese ecologists. Combined with land use data, equivalent per-unit-area values were widely used in a different regions of China to calculate ESV \[[@pone.0231259.ref004],[@pone.0231259.ref010],[@pone.0231259.ref035],[@pone.0231259.ref037],[@pone.0231259.ref055]\]. Using this method, LULC can act as a proxy by coordinating the land cover type proportional to the biomes. The later then assign the economic values centered on a standard, adjusted locally, and value of coefficients set. This method provide a type of multi-criteria technique, enabling the integration of diverse distinctive measurements into a solitary money related unit. Furthermore, this approach provides repeatable and comparable results, an assessment of change with time, and crosswise over a heterogeneous urbanization perspective. Hence, it gives a constant mode to enhance knowledge with time through different case studies \[[@pone.0231259.ref010],[@pone.0231259.ref020],[@pone.0231259.ref025]\].

The present study focus on Guangdong, Hong Kong, and Macao (GHKM) located in South China. Since 1978, economic development and urban expansion in GHKM has caused this region to become one of the fastest developing regions in the world. This has resulted in harsh natural conditions, overconsumption, and deterioration of provisioning services from nature and put both ecosystems and well-being at risk \[[@pone.0231259.ref005],[@pone.0231259.ref010],[@pone.0231259.ref020]\]. The Chinese government has initiated different measures to improve the deteriorated ecological environment, by means of such as an increase in forest cover and to protect high productive cropland. The imbalance provision of ES is the main restricted factor both in social and economic sustainable development in the GHKM \[[@pone.0231259.ref007]\]. Therefore, no such studies have been conducted in GHKM that provides a comprehensive understanding and estimating the impact of such changes in land cover and policies on the ES. Hence, the objective of this study are as follows: to evaluate and quantify the effect of LULC changes on ESV in GHKM from 1986 to 2017, to assign the specific coefficient of ESV to each land use category using the established unit-value transfer method, and to scrutinize the impact of LULC changes on ESV. The coefficient of sensitivity is then assessed to estimate the uncertainty in the value coefficient. On the bases of the results, this study also aims to provide information useful to urban planners and decision-makers for the regional coordinate and sustainable development.

Methodology {#sec002}
===========

Study area {#sec003}
----------

GHKM, a tropical and subtropical region geographically located in the southern part of China ([Fig 1](#pone.0231259.g001){ref-type="fig"}). GHKM is one of the largest political, economical, and cultural centers of southern China. Its total area coverage is about 196,342 km^2^ with a total population of 9164.90 (10,000 persons) in 2017. It comprises of 23 cities, are divided into four groups, namely mountainous region, Pearl River Delta (PRD), eastern side, and western side according to their geographical location. It shares borders with Guangxi province in the west, Hunan and Jiangxi provinces in the north, Fujian province in the east, and the South China Sea in the south \[[@pone.0231259.ref056],[@pone.0231259.ref057]\]. It has a tropical and subtropical monsoon rainy season, beginning in April and ending in September. Its climate is humid with a yearly mean temperature of 22°C and a yearly mean rainfall of 1500--2000 mm. Its topography shows various and complex terrain forms including mountains, hills, plateaus, and plains \[[@pone.0231259.ref056]--[@pone.0231259.ref059]\]. Over the past three decades, the GDP of the GHKM has increased from 66.75 (billion CNY) in 1986 to 7951.21 (billion CNY) in 2017 \[[@pone.0231259.ref060]\].

![The geographical location of Guangdong, Hong Kong, and Macao, South China.\
The map were created using software ArcGIS 10.1 \[[@pone.0231259.ref061]\].](pone.0231259.g001){#pone.0231259.g001}

Acquisition of data and land use land cover classification {#sec004}
----------------------------------------------------------

LULC data play a pivotal role to evaluate the ESV and the availability of historical LULC data provides an adequate ground to analyze changes in ESV \[[@pone.0231259.ref062]\]. The LULC data for the GHKM have been produced in our previous study \[[@pone.0231259.ref060]\] which is based on the classification of multi-temporal Landsat images (TM/ETM+/OLI) at 30m resolution for the years 1986, 1989, 1994, 2000, 2005, 2010, and 2017. Each LULC map comprises of the seven classes according to the China National Standard Land Use Classification System ([Table 1](#pone.0231259.t001){ref-type="table"}). The overall accuracy of the classified LULC maps was about 91% and Kappa 0.88 \[[@pone.0231259.ref057]\]. To detect LULC changes, a cross-tabulation detection method was used to quantify the transitions. The LULC changes, related to seven images, were also mapped and graphed \[[@pone.0231259.ref057]\]. The data was then used to estimate changes in various ESV and spatial analyses.

10.1371/journal.pone.0231259.t001

###### Description of land use land cover classes.

![](pone.0231259.t001){#pone.0231259.t001g}

  Class       Description
  ----------- ----------------------------------------------------------------------------------------------------------------------
  Forest      Forest and Tree cover
  Grassland   Natural Shrubs and grassland, constructed grassland, and meadows
  Water       Natural water bodies, oceans, lakes, rivers, streams, and reservoir. Water bodies not used for intensive aquaculture
  Fishponds   Water bodies used for intensive aquaculture. Dike pond, including mulberry.
  Built-up    Land used for man-made structures
  Bareland    Sand, rocks, Bare soil, landfill sites, and active excavation areas
  Farmland    Land used for farming, cropland, and orchards

Assigning Ecosystem Service Value (ESV) {#sec005}
---------------------------------------

In this study, we used the ES classification which is based on nine ecosystem services ([Table 2](#pone.0231259.t002){ref-type="table"}) proposed by Xie et al. (2003). By tailoring the localized average natural grain yield, the equivalent weight factor, as shown in [Table 2](#pone.0231259.t002){ref-type="table"}, can be applied to different regions of China. As a benchmark, the economic value of average natural grain production of farmland per year was set at 1.0 \[[@pone.0231259.ref010],[@pone.0231259.ref025],[@pone.0231259.ref031],[@pone.0231259.ref039],[@pone.0231259.ref041],[@pone.0231259.ref046]\]. Based on this factor, all other coefficients were adjusted accordingly. Xie et al. (2003) proposed that in general, the natural food production should be 1/7 of the actual food production \[[@pone.0231259.ref025],[@pone.0231259.ref063]\]. From 1986 to 2017, GHKM's average actual grain production was 5529.76 kg/ ha and the average grain price in 2017 was 2.65 CNY/kg. Thus, the ESV of one equivalent weight factor for GHKM is 2093.41 CNY ha^-1^ (5529.76\*2.65/7).

10.1371/journal.pone.0231259.t002

###### Equivalent weighting factor per hectare ESV of Chinese terrestrial ecosystems (Xie et al. (2003)).

![](pone.0231259.t002){#pone.0231259.t002g}

                                     Forest   Grassland   Water   Fishponds   Built-up   Bareland   Farmland
  ---------------------------------- -------- ----------- ------- ----------- ---------- ---------- ----------
  **Food**                           0.1      0.3         0.1     0.3         0.01       0.01       1
  **Raw material**                   2.6      0.05        0.01    0.07        0          0          0.1
  **Gas regulation**                 3.5      0.8         0       1.8         -2.42      0          0.5
  **Climate regulation**             2.7      0.9         0.46    17.1        0          0          0.89
  **Water supply**                   3.2      0.8         20.4    15.5        -7.51      0.03       0.6
  **Waste treatment**                1.31     1.31        18.2    18.18       -2.46      0.01       1.64
  **Soil formation and retention**   3.9      1.95        0.01    1.71        0.02       0.02       1.46
  **Biodiversity protection**        3.26     1.09        2.49    2.5         0.34       0.34       0.71
  **Recreation and culture**         1.28     0.04        4.34    5.55        0.01       0.01       0.01
  **Total**                          21.85    7.24        46.01   62.71       -12.01     0.42       6.91

On the basis of the linkage between LULC types and biome types, the ESV per unit area of each LULC class in GHKM was assigned ([Table 2](#pone.0231259.t002){ref-type="table"}). Specifically, LULC types "forest", "grassland", "water", "fishponds", "built-up", "bare land", and "farmland" equal to biome types "woodland", "grassland", "water body", "wetland", "construction land", "unused land", and "cropland", respectively. For built-up, the coefficient value proposed by following Dong et al. (2007) \[[@pone.0231259.ref064]\] and Deng (2012) \[[@pone.0231259.ref065]\] was considered. In this study, although the biomes used as proxies for each type of LULC do not perfectly match in each case however, they are related \[[@pone.0231259.ref036]\]. Their use has been proven feasible in other case studies \[[@pone.0231259.ref018],[@pone.0231259.ref025],[@pone.0231259.ref029],[@pone.0231259.ref041]\].

Ecosystem service value calculation {#sec006}
-----------------------------------

By using Eq ([1](#pone.0231259.e001){ref-type="disp-formula"}), Eq ([2](#pone.0231259.e002){ref-type="disp-formula"}), and Eq ([3](#pone.0231259.e003){ref-type="disp-formula"}) the ecosystem service value, ecosystem function, and total ESV for each thematic class was determined after evaluating the ESV per unit area for each land cover class \[[@pone.0231259.ref004],[@pone.0231259.ref041],[@pone.0231259.ref066],[@pone.0231259.ref067]\].

![](pone.0231259.e001.jpg){#pone.0231259.e001g}
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Where, *ESV~k~* the ESV for LULC class "k", *ESV~f~* represents the value of ecosystem function type "f", and *ESV* represents the total ESV respectively. *A~k~* represents the area for LULC class "k" and *VC~kf~* represents the value coefficient (CNY/ha/a) for LULC class "k" and ecosystem function type "f" \[[@pone.0231259.ref004],[@pone.0231259.ref041],[@pone.0231259.ref066]\].

Sensitivity analysis {#sec007}
--------------------

Since the biomes used as proxies do not perfectly match the LULC class (as mention above in section assigning ecosystem service value (ESV)) and there exist uncertainties in the coefficient values, sensitivity analysis is needed to determine the dependence level of the change of the ESV upon the coefficient values. Therefore, the standard economic elasticity concept was used to calculate the coefficient of sensitivity (CS) as follows: $$CS = \left| \frac{\left( {{ESV}_{j} - {ESV}_{i}} \right)/{ESV}_{i}}{\left( {{VC}_{jk} - {VC}_{ik}} \right)/{VC}_{i}} \right|$$

The percentage change in the ESV calculated resulting from ± 50% change in the coefficient value and LULC class '*k'*. "i" and "j" indicate the respective initial and adjusted values. If CS \> 1, the estimated ESV is elastic, relative to that coefficient, whereas if CS \< 1 than the estimated ESV is considered to be inelastic. The more prominent the corresponding change in the ESV with respect to a relative change in the coefficient value, the more serious is the utilization of a precise ecosystem value coefficient. However, in previous studies, the sensitivity analysis has been widely used \[[@pone.0231259.ref004],[@pone.0231259.ref016],[@pone.0231259.ref020],[@pone.0231259.ref025],[@pone.0231259.ref036],[@pone.0231259.ref041],[@pone.0231259.ref054],[@pone.0231259.ref067],[@pone.0231259.ref068]\].

Results {#sec008}
=======

Land use land cover change {#sec009}
--------------------------

GHKM LULC changed substantially between 1986 and 2017 ([Fig 2](#pone.0231259.g002){ref-type="fig"}). Farmland had the greatest decline in the area among the seven LULC classes (-40191.84 km^2^, -38.23%), followed by fishponds (-788.61 km^2^, -32%) and water (-152.22 km^2^, -0.73%). On the other hand, forest exhibited the largest increase (23126.88 km^2^, 35.40%), followed by built-up land (18753.44 km^2^, 1260.02%). As compared to other thematic classes, the built-up area increases with the highest annual growth rate i.e., 8.41% ([Table 3](#pone.0231259.t003){ref-type="table"}). The estimated size of both water and fishponds were relatively small but they both play a vital role in ES and often have high service value. Their cumulative area accounts for only 11% of GHKM's total area, which even seemed to declines during socioeconomic development and urbanization. The major transformation observed were farmland into built-up land and forest whereas, fishponds into built-up land ([S1 Table](#pone.0231259.s001){ref-type="supplementary-material"}). Thus, farmland and fishponds are the primary contributors to the new built-up areas. The transformation among different LULC classes certainly affects ecosystems structures and functions as well as variation in the total ESV. Therefore, estimating changes in the ESV in response to LULC changes are described in the below sections.

![Land use land cover area distribution of different classes (a) and change trend (b) in Guangdong, Hong Kong, and Macao over the study period (1986--2017).](pone.0231259.g002){#pone.0231259.g002}

10.1371/journal.pone.0231259.t003

###### Annual rate of change.

![](pone.0231259.t003){#pone.0231259.t003g}

  Land use type   1986--1989   1989--1994   1994--2000   2000--2005   2005--2010   2010--2017   1986--2017
  --------------- ------------ ------------ ------------ ------------ ------------ ------------ ------------
  **Forest**      2.95         1.23         0.58         0.42         0.75         0.86         0.98
  **Grassland**   -19.02       6.51         -8.21        11.96        -21.00       5.10         -2.69
  **Water**       0.19         -0.02        -0.19        -0.50        0.06         0.30         -0.02
  **Fishponds**   6.08         4.94         -1.36        -2.02        -4.94        -5.51        -1.24
  **Built-up**    19.15        14.37        7.21         6.26         6.93         3.17         8.41
  **Bareland**    -21.40       13.36        -17.08       24.64        -29.47       3.45         -3.22
  **Farmland**    -2.38        -1.83        -0.86        -1.16        -1.60        -1.85        -1.55

Variations in ecosystem service value {#sec010}
-------------------------------------

In this study, based on the Eqs ([1](#pone.0231259.e001){ref-type="disp-formula"})--([3](#pone.0231259.e003){ref-type="disp-formula"}) the ESV of each land cover class and total ESV of the GHKM for the years 1986, 1989, 1994, 2000, 2005, 2010, and 2017 were calculated using the modified value coefficients ([Table 4](#pone.0231259.t004){ref-type="table"}) and the area of each LULC ([Fig 2](#pone.0231259.g002){ref-type="fig"}). According to the results, shown in [Table 5](#pone.0231259.t005){ref-type="table"}, it can be indicated that the general ESV trend is characterized by a variable change process. During the study period, in GHKM's total ESV surged from 680.23 billion CNY in 1986 to 713.68 billion CNY in 1994, then declined to 668.45 billion CNY in 2017. In the first eight years (1986--1994), the total value of ESV increased by approximately 33.45 billion CNY. The ESV net benefits per hectare was 1703.38 CNY. In the following 23 years (1994--2017), ESV loss was about 45.22 billion CNY, and the net loss of ESV per hectare was 2303.04 CNY. This net gain and loss in ESV are due to the LULC changes during the study period.

10.1371/journal.pone.0231259.t004

###### Per unit area ESV of different LULC classes in Guangdong, Hong Kong, and Macao (CNYha^-1^year^-1^).

![](pone.0231259.t004){#pone.0231259.t004g}

                                     Forest     Grassland   Water      Fishponds   Built-up    Bareland   Farmland
  ---------------------------------- ---------- ----------- ---------- ----------- ----------- ---------- ----------
  **Gas regulation**                 7326.94    1674.73     0.00       3768.14     -5066.05    0.00       1046.71
  **Climate regulation**             5652.21    1884.07     962.97     35797.31    0.00        0.00       1863.13
  **Water supply**                   6698.91    1674.73     42705.56   32447.86    -15721.51   62.80      1256.05
  **Soil formation and retention**   8164.30    4082.15     20.93      3579.73     41.87       41.87      3056.38
  **Waste treatment**                2742.37    2742.37     38100.06   38058.19    -5149.79    20.93      3433.19
  **Biodiversity protection**        6824.52    2281.82     5212.59    5233.53     711.76      711.76     1486.32
  **Food**                           209.34     628.02      209.34     628.02      20.93       20.93      2093.41
  **Raw material**                   5442.87    104.67      20.93      146.54      0.00        0.00       209.34
  **Recreation and culture**         2679.56    83.74       9085.40    11618.43    20.93       20.93      20.93
  **Total**                          45741.01   15156.29    96317.79   131277.74   -25141.85   879.23     14465.46

10.1371/journal.pone.0231259.t005

###### Total ESV for each land use type in Guangdong, Hong Kong, and Macao from 1986 to 2017.

![](pone.0231259.t005){#pone.0231259.t005g}

  --------------------- ------------- ------------ --------------- ----------- --------------- -------------- -------------- -------------- -----------
  **ESV billion CNY**                 **Forest**   **Grassland**   **Water**   **Fishponds**   **Built-up**   **Bareland**   **Farmland**   **Total**
  **1986**              298.50        0.70         200.30          32.34       -3.74           0.07           152.07         680.23         
  **1989**              326.18        0.40         201.38          38.59       -6.65           0.03           148.35         708.28         
  **1994**              346.90        0.53         201.21          49.46       -13.69          0.07           129.19         713.68         
  **2000**              359.15        0.33         199.07          45.64       -21.07          0.02           122.69         705.84         
  **2005**              366.72        0.61         194.13          41.38       -28.87          0.08           115.79         689.84         
  **2010**              380.64        0.22         194.65          32.18       -40.75          0.02           106.90         673.84         
  **2017**              404.28        0.29         198.83          21.99       -50.89          0.02           93.93          668.45         
  **1986--1989**        billion CNY   27.68        -0.30           1.07        6.25            -2.91          -0.03          -3.72          28.05
  **%**                 9.27          -42.53       0.54            19.32       77.71           -47.15         -2.45          4.12           
  **%/yr**              3.00          -16.86       0.18            6.06        21.13           -19.15         -0.82          1.36           
  **1989--1994**        billion CNY   20.72        0.13            -0.17       10.88           -7.04          0.03           -19.15         5.40
  **%**                 6.35          32.48        -0.08           28.19       105.81          90.29          -12.91         0.76           
  **%/yr**              1.24          5.79         -0.02           5.09        15.53           13.73          -2.73          0.15           
  **1994--2000**        billion CNY   12.26        -0.20           -2.14       -3.82           -7.39          -0.04          -6.50          -7.84
  **%**                 3.53          -38.54       -1.06           -7.73       53.97           -63.09         -5.03          -1.10          
  **%/yr**              0.58          -7.79        -0.18           -1.33       7.46            -15.30         -0.86          -0.18          
  **2000--2005**        billion CNY   7.56         0.28            -4.94       -4.26           -7.80          0.06           -6.90          -16.00
  **%**                 2.11          85.51        -2.48           -9.34       36.99           234.30         -5.62          -2.27          
  **%/yr**              0.42          13.15        -0.50           -1.94       6.50            27.30          -1.15          -0.46          
  **2005--2010**        billion CNY   13.92        -0.39           0.51        -9.20           -11.89         -0.06          -8.90          -16.00
  **%**                 3.80          -64.10       0.26            -22.23      41.18           -76.72         -7.68          -2.32          
  **%/yr**              0.75          -18.53       0.05            -4.90       7.14            -25.29         -1.59          -0.47          
  **2010--2017**        billion CNY   23.65        0.07            4.19        -10.19          -10.14         0.01           -12.97         -5.39
  **%**                 6.21          32.32        2.15            -31.67      24.87           26.71          -12.13         -0.80          
  **%/yr**              1.21          5.76         0.43            -7.33       4.54            4.85           -2.55          -0.16          
  **1986--2017**        billion CNY   105.78       -0.41           -1.47       -10.35          -47.15         -0.04          -58.14         -11.77
  **%**                 35.44         -58.77       -0.73           -32.01      1260.02         -63.39         -38.23         -1.73          
  **%/yr**              0.98          -2.82        -0.02           -1.24       8.78            -3.19          -1.54          -0.06          
  --------------------- ------------- ------------ --------------- ----------- --------------- -------------- -------------- -------------- -----------

A substantial decrease in total ESV (1.73%) between 1986 and 2017 was due to loss of semi-natural land cover types, especially shrinkage in farmland and unprecedented increase in urbanization. However, the loss of farmland was far higher than the loss by urbanization ([Table 5](#pone.0231259.t005){ref-type="table"}). This causes a significant effect in loss of ESV. Though the ESV of other LULCs had increased, such increase was too small to counterbalance the decline. Despite the fact that both water and fishponds covered small areas but they had the highest value coefficients. Therefore, they produced a service value nearly equal to that of the forest. High service value was also produced by farmland due to its large area coverage. The accumulated ESV of forest, water, fishponds, and farmland exceeded 90% of the total value, showing that these land cover classes played a key role in ecosystem services. This is particularly true regarding fishponds whose area was only 0.85--1.9%, yet produced 3--7% of the total ESV. It is assumed that the ESV for bareland and built-up land is much lower due to its low value coefficients.

Change in ecosystem function {#sec011}
----------------------------

The individual ecosystem function (computed using [Eq 2](#pone.0231259.e002){ref-type="disp-formula"}) contribution rate to the total ESV are ranked on the basis of their estimated average *ESV~f~* for the years 1986, 1989, 1994, 2000, 2005, 2010, and 2017 ([S2 Table](#pone.0231259.s002){ref-type="supplementary-material"}). Water supply, waste treatment, soil formation and retention, and biodiversity protection were the most valuable ecosystem services, affecting the total ESV. However, their combined contribution accounted for 65.07%. The highest decline occurred in the water supply value (-22.30 billion CNY, -14.72%) between 1986 and 2017 followed by waste treatment (-20.77 billion CNY, −14.63%) and food production (-7.96 billion CNY, −33.18%). Conversely, soil formation and retention (6.28 billion CNY, +7.26%) and recreation and culture (5.09 billion CNY, +12.91%) have experienced a significant increase in value ([Fig 3](#pone.0231259.g003){ref-type="fig"}). Recreation and culture and food production made the least contribution to the ESV, with their accumulated contribution rate was only approximately 9.14%.

![Value of individual ESV in the Guangdong, Hong Kong, and Macao from 1986 to 2017.](pone.0231259.g003){#pone.0231259.g003}

Due to the large area and the high coefficient value, forest produced the highest ESV among the seven LULC classes i.e., 50% of the total value. It has a significant effect on biodiversity protection, gas regulation, water supply, climate regulation, and soil formation and retention ([Fig 4](#pone.0231259.g004){ref-type="fig"}). In 1986 water ESV was 200.30 billion CNY, which decreased by 1.47 billion CNY by 2017 with a robust influence on water supply and waste treatment. Farmland ESV was most affected by LULC changes, decreased by 58.14 billion CNY (38.23%) between 1986 and 2017. This has influenced soil formation and retention, waste treatment, biodiversity protection, and food production. Built-up area, increased by 18,753km^2^ (1260.02%) between 1986 and 2017, produced increasingly negative ESV (47.15 billion CNY), notably through effects on water supply, waste treatment, and gas regulation ([Fig 4](#pone.0231259.g004){ref-type="fig"}). However, the increase in the built-up area did not increase the ESV, as its coefficient value was zero, close to zero, and less than zero. This resulted in a rapid reduction in the individual value of ecosystem functions.

![Individual ESV for different land use land cover in the Guangdong, Hong Kong, and Macao from 1986 to 2017.](pone.0231259.g004){#pone.0231259.g004}

Spatial distribution {#sec012}
--------------------

The ESV varied spatially across the GHKM. The ESV in the hilly and mountainous areas and in southern regions of the GHKM was greater mainly due to the forest extent. In the PRD region and on the eastern side, ESV was low because of the development of the built-up area under fast growing urbanization. The urban areas were immediately surrounded by medium value farmland and water (Figs [5](#pone.0231259.g005){ref-type="fig"} and [6](#pone.0231259.g006){ref-type="fig"}). Furthermore, individual ecosystem functions such as water supply, waste treatment, climate regulation, gas regulation, and food production decreased significantly in the PRD and on the eastern side of the GHKM during the study period ([Fig 6](#pone.0231259.g006){ref-type="fig"}). This is mainly because unprecedented industrialization, foreign direct investment, intense human activities, and socioeconomic development have been observed in these regions. Moreover, biodiversity protection, recreation and culture, raw material, and soil formation and retention have increased during 1986 and 2017 more pronounced in the mountainous region and on the southwestern side ([Fig 6](#pone.0231259.g006){ref-type="fig"}). This is the result of enaction of different land policies such as the "Forestry action plan for China Agenda 21 (1995)" and "Utilization Plan (2002)". On the other hand, they decreased in the PRD and on the eastern side ([Fig 6](#pone.0231259.g006){ref-type="fig"}).

![Spatially distributed total ESV in Guangdong, Hong Kong, and Macao from 1986 to 2017.\
The map were created using software ArcGIS 10.1 \[[@pone.0231259.ref061]\].](pone.0231259.g005){#pone.0231259.g005}

![Spatial distribution of individual ecosystem functions in Guangdong, Hong Kong, and Macao from 1986 to 2017.\
The map were created using software ArcGIS 10.1 \[[@pone.0231259.ref061]\].](pone.0231259.g006){#pone.0231259.g006}

Sensitivity analysis {#sec013}
--------------------

Sensitivity analysis was performed in order to assess the reliability of the results. The changes in the coefficient of sensitivity (CS) value must be relatively low i.e., less than one (in Eq ([4](#pone.0231259.e004){ref-type="disp-formula"})). In all cases, values of CS \< 1 and often are near to zero ([Table 6](#pone.0231259.t006){ref-type="table"}). This confirms that the total ESV estimation was relatively inelastic in relation to the coefficient value \[[@pone.0231259.ref016]\]. The CS for forest, water, farmland, and fishponds was relatively large. Forest has the highest coefficient of sensitivity, about 0.5%, due to its high coefficient value and large area. Though the water and fishponds areas were small, their CS was relatively large because of their high value coefficients. Their CS decreased from 0.29 to 0.28 and 0.05 to 0.03 during the study period ([Table 6](#pone.0231259.t006){ref-type="table"}). As compared to forest and water, the CS of farmland is lower, declining from 0.22 to 0.14 during 1986--2017. The decrease in farmland and fishponds CS was mainly the result of an increase in urbanization and industrialization. Thus, in this present study, the sensitivity analysis showed that the estimation was robust despite uncertainties in the value coefficients.

10.1371/journal.pone.0231259.t006

###### Percentage wise change in the coefficient of sensitivity (CS) and estimated total ESV by 50% adjustment in the value of coefficient (VC).

![](pone.0231259.t006){#pone.0231259.t006g}

                         1986    1989            1994    2000            2005    2010            2017                                                                            
  ---------------------- ------- --------------- ------- --------------- ------- --------------- ------- --------------- ------- --------------- ------- --------------- ------- ---------------
  **Forest VC±50%**      21.94   ***0*.*44***    23.03   ***0*.*46***    24.30   ***0*.*49***    25.44   ***0*.*51***    26.58   ***0*.*53***    28.24   ***0*.*56***    30.24   ***0*.*60***
  **Grassland VC±50%**   0.05    ***0*.*00***    0.03    ***0*.*00***    0.04    ***0*.*00***    0.02    ***0*.*00***    0.04    ***0*.*00***    0.02    ***0*.*00***    0.02    ***0*.*00***
  **Water VC±50%**       14.72   ***0*.*29***    14.22   ***0*.*28***    14.10   ***0*.*28***    14.10   ***0*.*28***    14.07   ***0*.*28***    14.44   ***0*.*29***    14.00   ***0*.*28***
  **Fishponds VC±50%**   2.38    ***0*.*05***    2.72    ***0*.*05***    3.47    ***0*.*07***    3.23    ***0*.*06***    3.00    ***0*.*06***    2.39    ***0*.*05***    1.64    ***0*.*03***
  **Built-up VC±50%**    -0.28   ***-0*.*01***   -0.47   ***-0*.*01***   -0.96   ***-0*.*02***   -1.49   ***-0*.*03***   -2.09   ***-0*.*04***   -3.02   ***-0*.*06***   -3.81   ***-0*.*08***
  **Bareland VC±50%**    0.00    ***0*.*00***    0.00    ***0*.*00***    0.00    ***0*.*00***    0.00    ***0*.*00***    0.01    ***0*.*00***    0.00    ***0*.*00***    0.00    ***0*.*00***
  **Farmland VC±50%**    11.18   ***0*.*22***    10.47   ***0*.*21***    9.05    ***0*.*18***    8.69    ***0*.*17***    8.39    ***0*.*17***    7.93    ***0*.*16***    7.03    ***0*.*14***

Patterns of economic growth and its effect on ecosystem service value {#sec014}
---------------------------------------------------------------------

With the increase in GDP, the accomplishment in local economic development can be assessed. In the study period, GDP increased by a factor of 119.11 times from 66.75 billion CNY in 1986 to 7951.21 billion CNY in 2017, with a yearly average growth rate of 16.67%. At the same time, ESV per capita decreased by 38.45% from 11849.22 CNY in 1986 to 7293.62 CNY in 2017. [Fig 7A](#pone.0231259.g007){ref-type="fig"} shows a negative non-linear relationship between GDP per capita and ESV per capita with a coefficient of determination *R*^*2*^ = 0.97. [Fig 7B](#pone.0231259.g007){ref-type="fig"}, a nonlinear regression analysis, demonstrated that there exists a significant negative correlation between farmland's ESV and the GDP with a coefficient of determination *R*^*2*^ = 0.98, i.e., when GDP increased, the ESV of farmland decreased. [Fig 7C](#pone.0231259.g007){ref-type="fig"} indicated that the coefficient of determination between population density and ESV per capita is 0.99. Therefore, economic development and urbanization had a significant negative impact on regional ESV. Of further interest, [Fig 8A](#pone.0231259.g008){ref-type="fig"} shows a decline in the ratio of total ESV to total GDP during the study period. [Fig 8B and 8C](#pone.0231259.g008){ref-type="fig"} show that with the increase in population and built-up area ESV decreases, whereas [Fig 8D](#pone.0231259.g008){ref-type="fig"} reflects that decrease in farmland has a negative impact on ESV i.e., ESV decreases.

![The correlation between (a) GDP per capita (CNY) and ESV per capita (CNY), (b) GDP (billion CNY) and farmland ESV (billion CNY), and (c) population density (sq.km) and ESV per capita (CNY) over the study period q986--2017).](pone.0231259.g007){#pone.0231259.g007}

![Relationship between (a) changes in the ratio of total ESV and GDP from 1986 to 2017, (b) total population (10,000 persons) and ESV (billion CNY), (c) built-up (ha) and ESV (billion CNY), and (d) farmland (ha) and ESV (billion CNY) over the study period (1986--2017).](pone.0231259.g008){#pone.0231259.g008}

In summary, the main reason for the decrease in total ESV is the process of rapid urbanization at the expense of loss of farmland.

Discussion {#sec015}
==========

We have computed the LULC changes from 1986 to 2017 and their impact on the ESV, in the rapidly developing GHKM region. Changes in LULC and massive expansion of the built-up area has largely occupied the farmland and other natural and semi natural land cover. This has resulted in a substantial loss of ESV in certain zones while huge gains in others, with a net decrease of 1.73%. Rapid urbanization processes and industrialization have converted farmland to built-up areas. During the study period, farmland has been significantly decreased, including the conversion of farmland to built-up areas and forest. Forest and water provided the highest ESV, including water supply, waste treatment, soil formation and retention, biodiversity protection, and climate regulation. Thus, water supply, waste treatment, and food production ecosystem services faced the largest loss, while soil formation and retention and culture have achieved the greatest gain. This is because of the gain in new industrial population and to meet the needs and aspiration aligned to those new industries.

Driving forces for land use land cover changes and ecosystem service value {#sec016}
--------------------------------------------------------------------------

After the implementation of the economic reform policy in China, GHKM region has advanced the furthest, practiced the largest socioeconomic development and population growth \[[@pone.0231259.ref020],[@pone.0231259.ref057]\]. This has increased pressure to the ecology and environment and brought adverse effects on regional total ESV \[[@pone.0231259.ref015],[@pone.0231259.ref029]\]. This has created numerous fascinating issues and challenges for researchers and policy and decision makers \[[@pone.0231259.ref029],[@pone.0231259.ref069],[@pone.0231259.ref070]\]. Changes in the extent and composition of the forest, grassland, fishponds, and other ecosystems have large effects on the biophysical conditions, which further influence the provision of ES and biodiversity conversion \[[@pone.0231259.ref005]\]. Fishponds and farmland both give various ES, for example, waste treatment, climate regulation, and biodiversity protection decrease during the study period. Both of them have greater economic benefits; they are being utilized for the construction purposes that further provoke the transformation of land use. Along with the decrease in area, the high value of water supply and waste treatment coefficients that are related with water and farmland ([Table 2](#pone.0231259.t002){ref-type="table"}) have resulted in a high ESV from this land cover. The changes in LULC also influences the water supply ecosystems by shifting the transpiration, interception, and evaporation. These factors tend to increase with the increase in forest cover \[[@pone.0231259.ref005]\]. Forest increases with highest ESV per unit area propelled by local government after implementing "Greener Guangdong" policy promoting the construction of forest protection system. This has encouraged farmers to establish horticultural plantations and forest industry development in the GHKM, especially since 1990 \[[@pone.0231259.ref071],[@pone.0231259.ref072]\].

In the process of urban expansion and industrialization, rural settlement and agricultural land depletion have experienced significant loss, which has a substantial negative effect on ESV and food security. At the end of 2013, the government established a program, namely "Farmland Protection Red Line 0.12 billion hectares (1.8 billion mu)" with the aim to maintain 1.8 billion mu farmland. Under the current scenario of rapid urbanization process, it would be very difficult to keep a target of 0.12 billion of farmland in the future \[[@pone.0231259.ref017],[@pone.0231259.ref073]\]. Therefore, farmland protection as well as fishponds, both need to be considered on a first priority.

The results of this study show consistency with past literature regarding the effect of LULC changes and urbanization on the ESV at a variable rate, ranging from significant decreases to a modest increase in service value, with the majority report a modest decrease in service value. Moreover, economic growth seems to be in conflict with ecological protection as this study also shows that ESV and ESV per capita decreased significantly with the continuous increase in total GDP and GDP per capita over the past three decades in the GHKM. The main reason for such a decrease in ESV is the transformation of natural and semi natural resources into built-up land \[[@pone.0231259.ref004],[@pone.0231259.ref006],[@pone.0231259.ref010],[@pone.0231259.ref025],[@pone.0231259.ref029],[@pone.0231259.ref041]\], typically resulting in lower or negative values of services. Nonetheless, even in PRD, a fast urbanizing GHKM region, urban expansion is only one of the various LULC change happening concurrently. A range of other LULC changes corresponding with the increase of built-up area also took place. Such changes include a transformation of farmland to forest, a high service value land use. To some extent, this transformation negates the adverse effect of urban expansion on ESV in the GHKM \[[@pone.0231259.ref020]\].

Implication for planning sustainable development {#sec017}
------------------------------------------------

The study presented in this paper clearly demonstrates the net decline in the ESV supply i.e., -1.73. Therefore, GHKM needs improved planning regarding sustainability of ecosystems and smart land use. Such planning should involve environmental, economic, and social considerations in order that the sustainability of services antagonistically influenced by fast urban expansion, for example, gas regulation, water supply, waste treatment, climate regulation, and food production must be stressed for improvement. Therefore, planning and decisions should focus on protecting farmland and fishponds to reverse the unsustainable deterioration in these ecosystem services. Similarly, the protection of forest and water is also important because they also comprise of high ecosystem services value. This could be accomplished through planning protocols and setting the sustainability targets for local ecosystem services by using different decision analysis methods such as triage planning \[[@pone.0231259.ref074]\] and spatial optimization algorithms \[[@pone.0231259.ref020],[@pone.0231259.ref075]\]. This could reduce the future hazard for ESV. In summary, ESV has the great potential to inform policy and decision makers by highlighting the advantages of sustainable ecosystem management.

Limitations {#sec018}
-----------

In this study, the method used to calculate the ESV was proposed by Costanza et al. (1997a,b), and adjusted by Xie et al. (2003) according to the Chinese terrestrial terrain. The ESV was then derived by multiplying each land use class with a corresponding ecosystem coefficient value. Although, estimated results produced by this method have been criticized because of used at coarse resolution, uncertainties due to complex, dynamic, and nonlinear nature of ecosystems \[[@pone.0231259.ref076],[@pone.0231259.ref077]\], limiting economic valuation, and double scale problems \[[@pone.0231259.ref025],[@pone.0231259.ref041],[@pone.0231259.ref077],[@pone.0231259.ref078]\].

The biomes used as a proxy for LULC classes but does not match precisely in each case \[[@pone.0231259.ref036]\]. Additionally, heterogeneity in an ecosystem made the accuracy of the adjusted coefficient values in doubt \[[@pone.0231259.ref041]\]. Although, a diverse range of valuation methods are available but, each and every method may prompt "refer" to different estimated values, hence causing a criticism in the ecosystem service valuation method. Thus it is essential to realize that the precise evaluation of the coefficients for time series analysis is less critical than the cross-sectional analysis. This is because the coefficients will, in general, have less influence regarding the estimation of directional change than that of the magnitude of ecosystem values \[[@pone.0231259.ref025],[@pone.0231259.ref041]\]. In this study, the supposition that coefficient of ESV remains constant over time, allows a comparison of minimal change with time. However, in reality, it is unlikely that values remain constant \[[@pone.0231259.ref079]\]. This study attempted to adjust the value of coefficients on the basis of study area data, but still it remains a general estimation and unable to capture the spatial heterogeneity among the supply of ecosystem services within the LULC classes \[[@pone.0231259.ref020],[@pone.0231259.ref041]\]. This method, however, will remain a convenient mode to integrate the effect of LULC changes across numerous ecosystem services and also identify minimal change with time in the provision of ecosystem services. Moreover, sensitivity analysis demonstrates that total ESV estimated in this study were relatively inelastic with respect to the value coefficient and despite of uncertainties our estimation up to some extent is robust.

The reliability of a proxy based method can be increased by using remotely sensed high resolution images in combination with field survey. The field survey can empower LULC mapping at high accuracy. The methods used in this study also suppose that the value of each ecosystem service, given by each LULC over the study area is homogeneous, as the value coefficients are regionally downscaled values. Instead, in reality, values change spatially. This is a drawback of methods which can be overcome by incorporating biophysical and economic systems spatial models \[[@pone.0231259.ref051]\] and by doing field survey for higher scale economic valuation of the supply of ecosystem services on local level \[[@pone.0231259.ref020],[@pone.0231259.ref080],[@pone.0231259.ref081]\].

Conclusions {#sec019}
===========

This study has revealed the impact of LULC changes on ESV resulting from urban expansion, industrialization, and socioeconomic development in the GHKM between 1986 and 2017. The changes in the ESV show a close relationship with socioeconomic growth in the study area. The result showed that the built-up area had expanded by 1260.02% over the last three decades, with an average annual growth rate of 8.41%, produced mainly at the expense of the reduction of farmland, together with other concurrent non-urban LULC changes. This has placed strong pressure on both natural and semi-natural ecosystems.

The total ESV decreased by 1.73% (11.77 billion CNY) between 1986 and 2017. This decrease in the value of ecosystem services is associated with a decrease in the total area of farmland, fishponds, and water. This also signifies the dynamics and complexity of the individual ESV as notably some services value decreased significantly while others increased substantially. Forest generated the highest percentage of the total ESV (approximately 50%) and together with fishponds, water, and farmland produced more than 90% of the total ESV, showing that these four LULC classes have an important role in supplying ecosystem services.

Regarding the total ESV, the highest contribution is made by water supply followed by waste treatment ecological function. Their contribution represents approximately 45% of the total. The result shows that there exists a substantial negative correlation between farmland ESV and the GDP. The ESV for farmland was higher in 1986, but tended to decrease rapidly during the study period as a consequence of the burgeoning industrialization and development. In regional land use planning and decision analysis, priority must be given to those services which can contribute to the sustainability of everyday life, particularly which can be adversely influenced by urban expansion such as water supply, gas regulation, climate regulation, and food production. Therefore, the fragile ecological environment in the GHKM clearly indicate that stakeholders and planners need to highlight the protection of such as farmland and fishponds to achieve the sustainable utilization of land resources and organized economic and environmental development.

Furthermore, by using remote sensing data, the land cover class can be utilized as a proxy for ecosystem services, with corresponding land cover classes equal to biomes, thus, making the ecosystem valuation possible for larger regions. Further research should expand or design such methods that can more precisely evaluate these coefficients for the authenticity of the resulting estimate reliant upon the precision of the coefficient value.
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